Mg-5Ca-xZn alloys were prepared using various zinc contents from 1 to 5 wt% for use as degradable biomaterials in medical implant applications. The influence of zinc on the corrosion properties of Mg-5Ca alloys prepared in Hanks' solution was examined using electrochemical and surface analysis techniques. The electrochemical tests reveal that the addition of zinc improves the corrosion resistance of Mg-5Ca alloys compared with untreated alloys. The improved corrosion resistance is attributed to the increased refinement of the precipitates, the grain refinement, and the continuous precipitation of Mg-Ca and MgCaZn compounds as a corrosion barrier. © 2015 The Electrochemical Society. [DOI: 10.1149/2.0281603jes] All rights reserved.
Metallic alloys have become important biomedical materials due to their unique combination of strength, ductility, fatigue resistance and reliability. [1] [2] [3] [4] Magnesium alloys are an ideal material for biomedical applications such as implants and stents [5] [6] [7] [8] due to their low density (less than 2 g/cm 3 ) and elastic modulus, which are similar to those of human bones. 9 Importantly, magnesium alloys have high biocompatibility and are biodegradable as well as economical and light. Unfortunately, their low corrosion resistance and formability are serious disadvantages because they form soluble magnesium hydroxide, magnesium chloride and hydrogen gas. 10 In particular, potentially harmful hydrogen gas pockets form and inhibit bone growth during the corrosion process via the Mg + 2H 2 O → Mg 2+ + 2OH − + H 2 corrosion reaction. 10 Therefore, improving the corrosion resistance of magnesium and its alloys is an interesting subject of studies with a goal of attaining the required corrosion resistance and a reduced hydrogenevolution rate, which are key for biomedical applications. 5 Many investigations have focused on improving the corrosion resistance of magnesium alloys via using surface treatments, [11] [12] controlling orientation, 13, 14 controlling microstructure, [15] [16] [17] and using alloying elements. [18] [19] [20] [21] [22] [23] [24] [25] Among these methods, the use of alloying elements in a solid solution strongly influences the corrosive and mechanical properties of magnesium alloys. [18] [19] [20] [21] [22] [23] [24] [25] For these reasons, many magnesium alloys have been developed and investigated. For biomaterial applications, among the different alloying elements of magnesium alloys, 26 -30 calcium appears to be an ideal component because it acts as an active element with reduction potentials close to that of Mg; in addition, it is nontoxic and is an essential element for humans. [31] [32] [33] [34] [35] The density of magnesium-calcium (Mg-Ca) alloys is close to that of human bone. Furthermore, Mg-Ca alloys have been recommended as a unique alloying addition to magnesium alloys in the context of medical implants due to its similar Young's modulus to cancellous bones as well as its good biocompatibility and mechanical properties. The microstructure of Mg-Ca systems includes α-Mg and Mg 2 Ca phases in which Mg 2 Ca is a more active phase than α-Mg, indicating a contradictory electrochemistry with other intermetallic phases such as Mg 17 Al 12 , in a Mg-Al system. This phenomenon suggests that the Mg 2 Ca phase in Mg-Ca systems acts as an anode, whereas other intermetallic phases, such as Mg 17 Al 12 , are assumed to act as the cathode in other Mg alloy systems. 35 Unfortunately, in both in vivo and in vitro experiments, the Mg-Ca implants quickly corrode in a saline environment and in human organisms. 35 Moreover, binary Mg-Ca alloy with high concentration of Ca indicated high degradation rate and low corrosion resistance. In view of this, Li et al. 36 showed that as-cast Mg5Ca alloy is very brittle at room temperature and the plate samples can be easily broken by bare hands, thus only the Mg-Ca alloys with low Ca contents are suitable for implant application. Thus, the critical subject of interest is the development of new biodegradable implants that can achieve the required corrosion resistance for biomaterial applications. Many techniques, such as the formation of polymers including z E-mail: namnd@pvu.edu.vn poly-L-lactic acid, have been attempted to improve the corrosion resistance of Mg-Ca alloys. 37 However, the resulting alloys have limited use due to insufficient mechanical strength.
Recently, it has been reported that the addition of zinc to Mg-Ca alloys remarkably improves their mechanical properties, 7-9 enabling them to satisfy the requirements of degradable biomaterials in medical implant applications. Zinc can also form bonds with a greater degree of equivalence, making it an element of exceptional biological and public health importance. 38 In addition, some zinc properties are chemically similar to magnesium, such as their similar ion size and common oxidation state of +2. Zinc also forms more stable complexes with N-and S-donors compared with Mg. 39 Furthermore, zinc plays ubiquitous biological roles and can interact with many organic ligands. 38 Thus, Zn has been strongly considered as an alloying element to improve the corrosion behavior of Mg-Ca alloys. Several studies [40] [41] [42] revealed that ternary Mg-Zn-Ca alloys in the form of bulk metallic glasses showed good cell viability and no clinically observable hydrogen production in their in vitro and in vivo degradation tests. Furthermore, metallic glasses are brittle, which might lead to reduce the overall biocompatibility. 43 However, Mg-Zn-Ca bulk metallic glasses with high content of Zn could be harmful to the human body due to biodegradation. 44 Recently, crystalline Mg-Zn-Ca alloys have been considered as biomaterials in biodegradable implant. 45, 46 They reported that the ternary intermetallic compounds can improve the corrosion resistance in a simulated body blood environment. These studies exposed the limited phenomenological analyses. However, the optimal compositions of Mg-Zn-Ca alloys for clinical applications have not been reached yet. In this study, we developed Mg-5Ca-xZn biomaterials with good medically acceptable corrosion rate in Hanks' solution, which was assessed by the electrochemical properties and microstructure of constituent phases using electrochemical and surface characterization methods. A detailed investigation of the corrosion behavior and the mechanism in Hanks' solution was performed.
Experimental
Specimen preparation.-All of the test specimens of Mg-5Ca-xZn were prepared under a mixture of CO 2 and SF 6 , and Zn was added in varying amounts (x = 1, 3, 4 and 5 wt%). The molten metal was cast and stirred after being maintained at 800
• C for 60 min and was then allowed to cool for 20 min. The chemical compositions of tested alloys were determined by optical emission spectroscopy. Alloys with chemical compositions were 5.105 Ca, 0.005 Si, 0.002 Fe, 0.003 Cu, 0.007 Ni, 0.061 Mn and Mg balance, while the difference between measured and specified composition of Zn is imperceptible. It is noted that the Fe/Mn ratio, which seems to be a critical factor, is an important parameter for the corrosion of magnesium alloys. This factor will not affect the corrosion properties of magnesium alloys if it reaches around 0.032. 47, 48 In this study, the Fe/Mn ratio is closed to that value, indicating that at these concentrations of iron and manganese, the corrosion of magnesium alloys should not be governed by iron and manganese contents. The specimens used for corrosion tests were finished by grinding with 1200-grit silicon carbide paper. For the observation of the microstructure, the specimens were finished by grinding with 4000-grit silicon carbide paper and then polishing with 0.5 μm alumina powders. These specimens were then etched in 0.008 mol/dm 3 HNO 3 for 10 s.
Electrochemical investigation methods.-All of the experiments were performed in 1000 ml Hanks' solution (pH 7.4, see Table I for the composition) at 37
• C. The exposed area was 1 cm 2 . Potentiodynamic polarization and potentiostatic tests were performed using a VSP system (BioLogic Scientific Instruments). The electrochemical test cell consists of a specimen, a saturated calomel electrode (SCE) and two graphite rods as the working, reference and counter electrodes, respectively. Prior to the potentiodynamic polarization test, the samples were exposed to the solution for 1 h to stabilize the open-circuit potential. The potential of the electrodes was swept at a rate 0.166 mV/s in the range from the initial potential of −250 mV versus E OCP to the final potential. Electrochemical impedance spectroscopy (EIS) was performed at the steady open circuit potential with a peak-to-peak amplitude of the sinusoidal perturbation of 10 mV and a frequency range from 100 kHz to 10 mHz using the VSP system with a commercial software program for the AC measurements. Tests were conducted every hour over a period of 10 h.
Hydrogen evolution tests.-The hydrogen evolution rate of the Mg-5Ca-xZn alloys was investigated by immersion tests. The specimens, with dimensions of 10 mm × 10 mm × 3 mm, were prepared by grinding each side with 1200-grit silicon carbide (SiC) paper and degreasing the surfaces with ethanol prior to corrosion testing in Hanks' solution with a pH of 7.4 at 37
• C. The amount of hydrogen evolution was used as an indicator of the corrosion rate which was monitored after 1 hour. To ensure reproducibility, three measurements were run for electrochemical and immersion tests.
Surface analyses.-The crystal structure of the as-received specimens was investigated by XRD (XRD Model D/MAX-RC) using Cu K α radiation. The corresponding microstructures were observed by electron probe microanalysis (EPMA) after being polished with 0.5 μm alumina powder. The corresponding microstructures were observed by scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS Supra 55 VP) after etching. To investigate the relationship between the electrochemical behavior and the surface morphology, the specimens were examined using SEM/EDS after pitting was initiated. The specimen surfaces were also examined by X-ray photoelectron spectroscopy (AES-XPS ESCA2000) after 1 h of exposure to the open-circuit potential.
Results and Discussion
Alloy microstructure and composition.-The crystal structural composition of the Mg-5Ca-xZn specimens was examined using XRD, and the results are shown in Fig. 1 . There is a significant difference in the α-Mg peaks between the Mg-5Ca and Zn-containing specimens. The intensity of α-Mg peaks decreases with increasing Zn content. The Zn specimens include Zn-containing phases formed via the interaction of Zn with Mg and Ca to form a MgCaZn compound 49 verified using PANDAT software. This would result in a change in the Mg 2 Ca phase in the specimens containing Zn because the added Zn interacted with Mg and to form the Mg 6 Ca 2 Zn 3 intermetallic compound at the grain boundaries. The Mg 6 Ca 2 Zn 3 phase was observed in all of the Zn-containing specimens, and the intensities of the Mg 6 Ca 2 Zn 3 diffraction peaks increased as the Zn content increased. In the solidification process, Ca and Zn should be completely melted in the magnesium, resulting in the substantial development of precipitation. The precipitation distributions can be observed in the SEM/EDS and EPMA results.
The microscopic examinations of Mg-5Ca-xZn were performed using EPMA mapping after micro polishing. EPMA analysis showed the elemental distribution of Mg, Ca, and Zn in the alloy microstructure, as shown in Fig. 2 . Ca and Zn were enriched in the grain boundary regions, indicating the Mg 2 Ca and Mg 6 Ca 2 Zn 3 precipitation formation. The microstructures of the Mg-5Ca alloys with different amounts of Zn are compared in Fig. 3 . The results indicate that a markedly sharper edge of the grain and precipitation refinement are observed in the Mg-5Ca-1Zn specimen, while the preferred circular shapes of the grain and larger precipitations are observed in the Mg-5Ca, Mg5Ca-3Zn and Mg-5Ca-5Zn specimens. Furthermore, wide dendrite precipitation was also observed in Mg-5Ca specimens. The precipitation distributions are also confirmed by SEM/EDS, as shown in Fig. 4 and Table II, revealing the presence of a Ca-rich precipitation located at the grain boundary in the Mg-5Ca specimen in Fig. 4a , whereas Ca-rich and Zn-rich precipitations are observed the Mg-5Ca-5Zn specimen, as shown in Fig. 4b . The EDS analysis is also given in Table II . Microstructure and composition analyses indicate that the refinement of the dispersed precipitates was observed in the Mg-5Ca-1Zn specimen, whereas this refinement was not observed in the case of higher Zn-containing specimens. The presence of Zn dispersoids in the microstructure is highly effective in promoting the formation of a kinetic barrier layer to improve the corrosion resistance.
Overall, the alloy microstructures included primary α grains surrounded by a eutectic mixture of α and dispersed precipitates. The specimens had relative grain refinement, refinement of the dispersed precipitate, and continuous precipitation with decreasing Zn content. These factors could influence the overall electrochemical corrosion performance because the dispersed precipitate is expected to function as a kinetic barrier.
Corrosion resistance.- Figure 5a presents the polarization curves of the Mg-5Ca alloys as a function of the Zn content in Hanks' solution. All of the specimens exhibited active behavior as indicated by an increase in the anodic current with increasing potential, suggesting the absence of a passive film on the alloy surfaces in the investigated solution. The results indicate that the addition of Zn from 0 to 5 wt% increased the corrosion potential and decreased the corrosion current density as the Zn addition decreased. Table III lists the corrosion properties, and Figure 5b shows the change in corrosion rates of the Mg-5Ca-xZn alloys. The results suggest that the addition of Zn improves the corrosion resistance of the Mg-5Ca-based alloy. The polarization resistance (R p ) and average corrosion rate were determined using the Tafel extrapolation method, based on Faraday's law, as follows:
where i corr is the corrosion current density (μA/cm 2 ), E.W. is the equivalent weight in grams, and D is the density of the metal (g/cm 3 ). The Zn-containing specimens showed lower corrosion rates than the Mg-5Ca-based alloy, and the corrosion rate decreased with a decrease in Zn content. The average corrosion rate of the specimens was ranked in the following order: base alloy > Mg-5Ca-5Zn > Mg-5Ca-3Zn > Mg-5Ca-1Zn. This improvement could be related to the formation of a protective layer on the alloy surface. Figure 6 shows the Nyquist plots obtained from alloy electrodes after a 10-h immersion in Hanks' solution at 37
• C. Higher impedance values were observed for the Zn-containing alloy electrodes (Figs. 6b, 6c and 6d) compared with that of the Mg-5Ca-based alloy (Fig. 6a) , and these values are consistent with the potentiodynamic polarization results. The high-frequency spectra detect the local surface defects, whereas the medium-and low-frequency spectra detect the process within the protective layer and the process of the metal/protective layer interface, respectively. [52] [53] [54] The increase in the arc diameter suggests that there is an improvement in the protective layer. The results show that the addition of Zn improved the formation of the protective layer.
Additional information can be obtained about the electrochemical processes occurring at the solution-electrode interface with a detailed analysis of the EIS using suitably designed equivalent circuits. Figure 7 shows the equivalent circuit that was used to fit the EIS data, where R s represents the solution resistance, CPE represents the constant phase element, R f is the protective layer resistance, and R ct is the charge transfer resistance, as shown in equivalent circuit 1 in Fig. 8 . The high-(R f ) and low-(R ct ) frequency resistance components were affected by the Zn alloying element. In addition, L denotes the inductance, and R L represents the corresponding resistance, as shown in equivalent circuit 2 in Fig. 7 . These parameters were added when the negative impedance was observed at low frequencies. In this case, the capacitor was replaced with a CPE to improve the fitting quality in which the CPE contained a double-layer capacitance (C) and the phenomenological coefficient (n). The n value of a CPE indicates its meaning, as follows: n = 1, a capacitance; n = 0.5, a Warburg impedance; n = 0, a resistance and n = −1, an inductance. In the present study, n was consistently maintained near 0.8 of the deviation from ideal dielectric behavior. Furthermore, n appears to be associated with the non-uniform distribution of current resulting from roughness and surface defects and reflects the degree of "non-ideality" of the double layer capacitance or the extent of the depression of the semicircles in the Nyquist plots. 53, 54 The Zsimpwin program was used to fit the EIS data to determine the optimized values for the protective layer and charge transfer resistance parameters (R f and R ct ), which are presented in Fig. 8 . The variation of the protective layer resistance (R f ) with the immersion time for Mg-5Ca-xZn is provided in Fig. 8a . It can be observed that the protective layer resistance increases steadily as the immersion time increases during the initial 6 h and then decreases for the Mg-5Ca-based alloy, while the protective layer resistances increase steadily as the immersion time increases and as the Zn addition decreases. This result indicates that the decreasing Zn content increases not only the protective layer resistance but also its stability. Fig. 8b shows the charge transfer resistances, which also increase as the immersion time increases and as the Zn addition decreases, indicating good corrosion resistance.
Figures 9a and 9b show the hydrogen evolution measurements and corrosion rate curves of the Mg-5Ca-xZn specimens immersed in Hanks' solution (pH 7.4) at 37
• C. The hydrogen evolution rate, V H (ml/cm 2 .d) could be related to the corrosion rate as, P H (mm/yr) = 2.279 V H . 55 As shown in Figure 9 , the hydrogen-evolution test and corrosion rate revealed that the addition of Zn generated a significant change in behavior of Mg-5Ca-based alloy. The results showed that Mg-5Ca-based alloy featured strong gas evolution during degradation in Hanks' solution (pH 7.4) at 37
• C, whereas Zn-containing alloys induced a remarkable reduction in the amount of hydrogen evolved, with the best corrosion resistance being observed at 1 wt%. Therefore, the results obtained from hydrogen-evolution test indicate that an increased Zn content decreased the corrosion resistance, supporting the results of the electrochemical tests (Figs. 5, 6 and 8) . Figure 10 shows the SEM images of the surface morphology after a 10-h immersion. There was a significant difference in the surface morphology of the alloy surfaces due to the formation of small pits on the surface, resulting in the inward penetration of ions, such as SO 4 2+ and Cl − . Pits were observed on both the Mg-5Ca-based and Mg-5Ca-5Zn alloy surfaces. This degradation is due to a thickening of the protective layer and the subsequent electrochemical corrosion reactions. However, no localized corrosion was observed on the Mg-5Ca-1Zn and Mg-5Ca-3Zn alloy surfaces. To study the pit initiation, the Mg-5Ca-based and Mg-5Ca-5Zn specimens were finished with 4000-grit silicon carbide (SiC) abrasive papers; then, a voltage of −1300 mV SCE was applied until bubbles formed on the surface. Then the surface was investigated using SEM/EDS. Figure 11 and Table IV show an SEM/EDS image of the pit initiation, indicating that the galvanic attack of the base alloy surface adjacent to the Mg 2 Ca precipitate was observed. It also shows that the particle acts as an anode with respect Figure 10 . SEM images of (a) Mg-5Ca, (b) Mg-5Ca-1Zn, (c) Mg-5Ca-3Zn, and (d) Mg-5Ca-5Zn alloys. to the matrix, which forms a galvanic cell. The SEM/EDS analysis obtained from the Mg-5Ca-based alloy surface is shown in Fig. 11a and Table IV and reveals that some precipitates at the grain boundary were removed from the microstructure. The same results were also observed in the Mg-5Ca-5Zn alloy specimen, as shown in Fig. 11b and Table IV . From the results of the SEM/EDS analyses, the Mg 2 Ca and Mg 6 Ca 2 Zn 3 precipitates play a significant role in pit initiation or pit propagation in Mg-5Ca-xZn alloys. This is the best evidence that the pitting corrosion was initiated around the Mg 2 Ca precipitate due to the micro-galvanic corrosion between the precipitates and the α-Mg matrix. The surface films have been analyzed by XPS measurement after 1 h of exposure to the OCP in Hanks' solution as shown in Fig. 12 . The results show that Mg, Ca, Zn, and O peaks exist on the alloy surfaces. Oxygen KLL and KVV correspond to peaks in the region of approximately 1100 and 745 eV 56, 57 as shown in Fig. 12a . The narrow XPS spectra for the Mg 2p, Ca 2p, Zn 2p, and O 1s regions are shown in Figs. 12b-12e , respectively. The results show the chemical compounds detected on the alloy surfaces including MgO, Mg(OH) 2 , CaO, Ca(OH) 2 , ZnO and Zn(OH) 3 , [58] [59] [60] and that these compounds are enriched in the surface of Mg-5Ca-1Zn specimen. The oxide/hydroxide products on the alloy surface are considered to be related to the improvement in the protective films. This result indicates that the Binding Energy (eV) (e) Figure 12 . XPS peak analysis for the surface products of the Mg-5Ca-based and Mg-5Ca-1Zn alloys: (a) survey scan spectra and narrow scan spectra of (b) Mg, (c) Ca, (d) Zn, and (e) O.
pitting resistance has been improved by the interactions among the (Mg, Ca, and Zn) oxide/hydroxide products. The enriched oxide/hydroxide products could play the most significant role in improving the protective films of the Mg-5Ca-1Zn specimen with more adhesive and stable passive films.
Discussion.-Ma et al. 61, 62 reported that the solubility of metallic glasses containing alloying elements such as Mg, Zn and Ca is extended, resulting in chemically homogeneous alloys, which can be attained at equilibrium if the molten alloy process includes slow cooling. In this study, the changes that occurred in the microstructure are mainly due to the addition of zinc, which refines the precipitates and grain size. Three microstructural constituents were found, including α-Mg, Mg 2 Ca and Mg 6 Ca 2 Zn 3 precipitates, in the alloy microstructures. These micro constituents are clearly shown in the microstructure results given in Figs. 1-4 . In addition, the Mg 2 Ca precipitate was reported to exhibit a more anodic potential than that of the α-Mg matrix. 35 Thus, in Zn-containing alloys, the size and spatial distribution of the precipitates, along with the continuous combination of Mg 2 Ca and Mg 6 Ca 2 Zn 3 precipitates, cause the surface to be more electrochemically heterogeneous in the Mg-5Ca alloy as the Zn addition decreases. In addition, microporosity has been observed when zinc addition increases. It can be attributed to the melt zinc atoms in the solidification process which were rejected by the growing α-Mg and enriched in the residual liquid. It also affects the corrosion resistance of Mg-5Ca-xZn alloys. The microstructure results indi- cate the presence of the Mg 6 Ca 2 Zn 3 phase separate from the Mg 2 Ca precipitate at the grain boundaries for the Mg-5Ca-xZn alloys containing 3 wt% Zn and above but do not account for its presence in the 1 wt% Zn alloy. The evidence regarding these precipitates is clear in the SEM/EDS and EPMA results. Thus, the electrochemical behavior of these alloys depends on the microstructure and on how the alloy distributions interact when in contact with a corrosive environment. These changes in alloy microstructures significantly affect the different electrochemical behaviors of the Mg alloys prepared with different amounts of Zn content.
Hanks' solution is an aggressive environment for the magnesium alloys due to the chloride ion participation in the dissolution reaction. Chloride ions react aggressively with magnesium, calcium and zinc. The chloride ions (critical concentration of approximately 0.002 to 0.02 M) attack the alloy surface and transform oxides/hydroxides into readily soluble salts containing chloride. Among the microconstituents in the Mg-5Ca-xZn alloys, Mg 6 Ca 2 Zn 3 could provide the maximum resistance to a corrosive environment because it functions as a cathode in the electrochemical corrosion process, suggesting that corrosion occurs around this precipitate in both the α-Mg matrix and the Mg 2 Ca precipitate. Therefore, this phase influences the overall electrochemical corrosion behavior with different amounts of Zn due to the significant difference in morphology. The high corrosion resistance of Mg-5Ca-1Zn was attained due to the refinement, spatial distribution and continuity of the precipitates. In this case, the Mg 6 Ca 2 Zn 3 precipitate plays a dual role in the electrochemical corrosion behavior of the Mg-5Ca alloy, including providing a microgalvanic corrosion and/or a physical corrosion barrier. For low zinc content, the smaller grain size could reduce the corrosion rate because it facilitates the protective layer formation. In addition, the presence of Zn could form a dense and continuous amorphous layer rich in Zn and oxygen so that the dissolution of the alloy is mitigated. This process indicates that the surface could be protected, resulting a reduced hydrogen production to acceptable levels. In the present study, the grain boundaries can function as a physical corrosion barrier and can inhibit dissolution of the wall between the grains of the Mg-5Ca-1Zn alloy in Hanks' solution. The microstructure results showed that the Zn addition to the Mg-5Ca alloy alters the distribution of the intermetallic phases, resulting in a close interparticle distance and a net-like feature of the precipitates at the grain boundaries. In contrast, the Mg-5Ca alloy is unable to assume these roles. For higher Zn-containing alloys, the Mg 6 Ca 2 Zn 3 is separated from the Mg 2 Ca precipitate but maintains a close interparticle distance and a net-like feature at the grain boundaries, indicating that it is highly cathodic to the Mg 2 Ca precipitate, and hydrogen evolution preferentially occurs on the Mg 6 Ca 2 Zn 3 -rich precipitate as the highest effective cathode. This indicates that the pitting corrosion could be initiated and concentrated in the region of the Mg 6 Ca 2 Zn 3 -rich precipitate due to the possible microgalvanic corrosion (i) between the Mg 6 Ca 2 Zn 3 (cathode) and Mg 2 Ca precipitates (anode), (ii) between the Mg 6 Ca 2 Zn 3 precipitate (cathode) and α-Mg matrix (anode), and (iii) between the Mg 2 Ca precipitate (anode) and the α-Mg matrix (cathode), as shown in Fig. 13a . The possible complex microgalvanic corrosion is described in Fig. 13b . The Mg 2 Ca precipitate itself possesses the most anodic potential, while the Mg 6 Ca 2 Zn 3 precipitate must be considered as the most cathodic potential that allows the electrons pass to a certain degree, presenting the possibility for galvanic corrosion. In addition, this process can be faster due to the support of the coupling between the Mg 2 Ca precipitate (anode) and the α-Mg matrix. After the Mg 2 Ca precipitate is dissolved by the corrosion process, the second galvanic cell is established between the cathodic Mg 6 Ca 2 Zn 3 precipitates and the anodic α-Mg matrix. In the case of higher Zn content, the precipitates are the major cause of pitting corrosion. Considering these results, the improved pitting corrosion resistance as the Zn content decreases could be related to the close interparticle distance, the refinement and net-like feature of the precipitates at the grain boundaries as well as the grain refinement. These factors could result in a physical corrosion barrier that reduces the susceptibility of pitting corrosion.
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Conclusions
The significant changes in the alloy microstructure caused by the Zn addition reduce the α-Mg grain size. The precipitation of the discontinuous Mg 2 Ca phase at the grain boundaries was inhibited by the high density of a mixture of Mg-Ca and Mg-Ca-Zn compounds in the Zn-containing alloy specimens. A higher density and more continuous precipitation surrounding the finer α-Mg grain size significantly affect the corrosion resistance by controlling the alloy microstructure. In addition to the results of the potentiodynamic test, the corrosion rate of Zn-containing specimens was lower than that of the Mg-5Ca-based alloy, and the rate increased as the Zn content decreased. This result indicates that the addition of Zn improves the corrosion resistance in Hanks' solution (pH 7.3) at 37
• C. Furthermore, the EIS measurements indicated that the semicircle was less depressed in the case of the Zn-containing alloy specimens compared with the Mg-5Ca-based alloy. The protective properties and the charge transfer resistance increased as the Zn content decreased. In addition, the biodegradable Mg-5Ca-xZn alloys can control hydrogen evolution remarkably during degradation in Hanks' solution. SEM/EDS analysis clearly shows that the Ca-and Zn-containing phases are the main cause for pit initiation and propagation. In summary, the refinement of grain size and precipitation as well as a high density and more uniform precipitation over the α-Mg matrix were achieved when Zn was added up to 1 wt%, and this addition plays a significant role in improving the surface protective layer of the Mg-5Ca alloy by stabilizing it. However, an increased Zn content decreased the corrosion resistance due to the microstructural changes that hinder the formation of the protective layer.
